Human immunodeficiency virus-1 antiretroviral treatment is associated with an increased incidence of atherosclerosis. We hypothesized that antiretrovirals directly impair endothelial function after short-term exposure and that with chronic exposure, this dysfunction promotes a proliferative response, inducing neointimal hyperplasia, thus contributing to vascular lesion formation. To test this hypothesis, we treated mice with the nucleoside reverse transcriptase inhibitor azidothymidine (AZT), the protease inhibitor indinavir, or AZT 1 indinavir. Treatment with AZT or AZT 1 indinavir for 5 days impaired endothelium-dependent vessel relaxation. Though indinavir treatment alone did not alter vessel relaxation, it potentiated the impairment of endothelium-dependent relaxation induced by AZT. Coadministration of the antioxidant Mn (III) tetrakis (1-methyl-4-pyridyl) porphyrin attenuated antiretroviral-induced endothelial dysfunction, suggesting that oxidant production may have a causal role in the observed endothelial dysfunction. To test whether the antiretrovirals promote a proliferative response following endothelial dysfunction, we treated mice with antiretrovirals for 14 days and then induced a carotid endothelial injury. Two weeks later, we observed a dramatic increase in neointimal formation in all antiretroviral-treated animals, and the newly formed neointima was comprised mainly of proliferated smooth muscle cells. Although a functional endothelium surrounding the lesioned area and re-endothelialization across the area of injury is important in reducing proliferation in this model, we tested whether the neointimal hyperplasia was associated with endothelial dysfunction. Plasma levels of asymmetric dimethylarginine, a biomarker of endothelial dysfunction, increased after treatment with indinavir or AZT 1 indinavir. On the other hand, treatment with AZT or AZT 1 indinavir increased endothelial vascular cell adhesion molecule staining. We conclude that short-term treatment with antiretrovirals elicited a direct impairment in endothelial function, in part via an oxidantdependent pathway. These antiretrovirals also exacerbated injuryinduced vascular smooth muscle cell proliferation and neointimal hyperplasia, likely because of their inhibition of endothelial function.
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Human immunodeficiency virus-1 (HIV-1) antiretroviral therapy is associated with an increased incidence of atherosclerosis in HIV patients across all adult age groups. Furthermore, all stages of atherosclerotic disease have been described in HIV patients, from premature atherosclerosis, including endothelial dysfunction (de Gaetano Donati et al., 2003; Jiang et al., 2006; Stein et al., 2001 ) and increased intima-media thickness (Charakida et al., 2005; Lorenz et al., 2008) , to advanced cardiovascular events, such as myocardial infarction and stroke (Barbaro et al., 2003; Friis-Moller et al., 2003) .
At present, the relationship between antiretroviral use and the increased risk of atherosclerosis remains unclear. Traditionally, the increased early onset of atherosclerotic vascular diseases was attributed to the use of early generation protease inhibitors (PIs), especially those that caused ''atherogenic'' metabolic abnormalities. For example, indinavir was shown associated with insulin resistance, and ritonavir was linked to hypertriglyceridemia and increased low-density lipoprotein cholesterol levels (Lee et al., 2004) . However, PIassociated alteration of lipid profiles does not account for all atherogenic effects observed for antiretroviral use. In our prior report, although the PI indinavir increased plasma lipid levels (Jiang et al., 2006) , no effect on vascular reactivity was observed. Interestingly, indinavir-induced effects on vasomotor function have varied between reports. Whereas we and Chai et al. (2005a) showed that indinavir had no effect on vascular reactivity in rat aortas and porcine coronary arteries (Jiang et al., 2006) , Shankar et al. (2005) and Dube et al. (2008) described impairment of endothelium-dependent vasorelaxation in humans. Nevertheless, an increasing body of evidence now indicates an atherogenic effect of nucleoside reverse transcriptase inhibitors (NRTIs). In particular, in 2008, a clinical report from the international DAD cohort study suggested that recent use of the NRTIs abacavir and didanosine appeared to increase the rate of myocardial infarction (Sabin et al., 2008) .
In addition, we and others reported that a commonly prescribed NRTI AZT impaired endothelium-dependent vasorelaxation (Jiang et al., 2006; Sutliff et al., 2002) . In the studies conducted by Sutliff et al. (2002) , ex vivo treatment of aortic rings with an antioxidant restored the AZT-induced impairment in vasorelaxation.
NRTIs are considered the backbone of therapy for the HIV infection and are commonly prescribed in combination with PIs or nonnucleoside reverse transcriptase inhibitors (NNRTI). AZT was the first NRTI introduced to the market and is still frequently prescribed, particularly because the advent of a single capsule, dual NRTI formulation (Combivir) including both AZT and lamivudine (Soriano et al., 2008) . Though we have shown that antiretrovirals, especially NRTIs, induce vascular endothelial dysfunction in rats and that these antiretrovirals increase the production of mitochondriaderived reactive oxygen species (ROS) in cultured endothelial cells (Jiang et al., 2007) , there is as yet no direct, in vivo evidence that the production of ROS has a causal role in NRTI-associated impairment of endothelium-dependent vasorelaxation.
A functional endothelium is vital to the maintenance of vascular homeostasis. Endothelial injury initiates intimal proliferation of smooth muscle cells, lipid accumulation, and monocyte infiltration, thus initiating the development of an early atherosclerotic lesion. It is as yet unknown whether antiretrovirals, especially NRTIs, can accelerate neointimal growth. In prior studies, we demonstrated that both AZT and indinavir promote vascular smooth muscle cell (VSMC) proliferation when cocultured together with endothelial cells (Hebert et al., 2004) . Using a diet-induced atherosclerotic mouse model, we demonstrated that both AZT and indinavir increased aortic intima-to-media thickness (IMT) (Jiang et al., 2009) , mainly via increases in the thickness of the medial layer. Another study examining IMT in HIV patients taking antiretrovirals showed that a PI-containing regimen increases IMT compared with treatment with NNRTIs (Sankatsing et al., 2009) . These studies are provocative in that they suggest a vascular proliferative response may be induced by antiretroviral treatment.
Although a role for oxidant production and oxidative stress has been suggested in antiretroviral-associated endothelial dysfunction, two important questions remain: (1) Does oxidant production and oxidative stress have a causal role in antiretroviral-mediated endothelial dysfunction? If so, would cotreatment of animals with antioxidants prevent this antiretroviral-induced endothelial dysfunction? 2) Does the initial endothelial injury culminate in a vascular proliferative response after chronic treatment, thus contributing to the development of atherosclerosis? In the current study, we tested the hypothesis that short-term treatment with antiretrovirals may cause a direct injury to the vascular endothelium via increased oxidant production and that both AZT and indinavir promote vascular neointimal growth following this initial endothelial dysfunction.
Together, these two events may contribute to the accelerated atherosclerosis observed for HIV-1-infected patients.
MATERIALS AND METHODS
Antiretroviral treatment of C57BL/6 mice. Six-to eight-week-old male C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME). Mice were habituated to the room for 1 week after arrival and were maintained on a normal 12-h light/dark cycle. The mice were fed standard rodent chow and were separated into eight groups of four to five mice each. The first four groups were given distilled H 2 O (control), AZT (100 mg/kg), indinavir sulfate (100 mg/kg), or AZT þ indinavir sulfate (100 þ100 mg/kg) by oral gavage for five consecutive days. Another four groups of animals received the same doses of antiretrovirals by oral gavage þ 1 mg/kg Mn (III) tetrakis (1-methyl-4-pyridyl) porphyrin (MnTMPyP) (EMD Biosciences, San Diego, CA) by i.p. injection. The above doses of antiretrovirals were selected to ensure that serum concentrations were maintained above the necessary C min for therapeutic effects in humans, especially for this short-term treatment protocol (Note et al., 2003; Peng et al., 2009 ). Because of a more rapid rate of xenobiotic metabolism in mice, doses higher than that utilized for humans are required for achieving equivalent serum levels (Bogaards et al., 2000; Caldwell, 1981) .
A separate set of 16 C57BL/6 mice were singly housed and were dosed with distilled H 2 O (control), AZT (100 mg/kg), indinavir sulfate (100 mg/kg), or AZT þ indinavir sulfate (100 þ 100 mg/kg) in their drinking water for 1 month. The volume of water consumed was measured on a daily basis, and the drug concentrations in the water were adjusted to maintain adequate daily drug consumption. From the second week after the initiation of treatment, the mice were administered a Western diet containing 0.15% cholesterol and 21% milk fat (TD 88137, Harlan Teklad, Madison, WI) for a total of 3 weeks (Shi et al., 2004) . The carotid artery injury procedure was performed at the end of the second week of treatment. The administration of the Western, i.e., high fat, diet for 3 weeks in conjunction with and beginning 1 week prior to the carotid artery injury procedure was established by other laboratories as a method for maximizing neointimal hyperplasia (Shi et al., 2004; Zhu et al., 2000) . All animal protocols were performed in accordance with the guidelines of the Office of Laboratory Animal Welfare and were approved by the Institutional Animal Care and Use Committee at the Louisiana State University Health Sciences Center, Shreveport, LA.
Measurement of aortic vasoreactivity. Five days after the initiation of antiretroviral treatment, the mice were anesthetized using sodium pentobarbital (50 mg/kg, i.p.) and were sacrificed by pneumothorax. The thoracic aortas were excised, and the connective tissue was carefully removed under a dissecting microscope. The aortas were cut into 3-mm rings and were transferred to a tissue bath containing Krebs-Henseleit (KH) solution, equilibrated with 95% O 2 and 5% CO 2 . The buffer contained 118mM NaCl, 5.8mM KCl, 27.2mM NaHCO 3 , 1.0mM NaH 2 PO 4 , 1.2mM MgSO 4 , 2.5mM CaCl 2 , and 11.1mM glucose. The temperature of the buffer was maintained at 37°C and the pH at 7.4. The aortic rings were attached to a Grass FT03C force-displacement transducer via a length of surgical silk, and the transducer was interfaced to a Grass model 7D recorder for the measurement of isometric force. The aortic rings were placed under an initial tension of 1 g and were equilibrated for 1 h. The KH solution was changed every 15 min. The rings were then contracted using increasing concentrations (from 10 À9 to 10 À6 M) of phenylephrine. The contraction dose-response curve was compared between the control and MnTMPyP-treated mice. To determine antiretroviral-induced effects on vessel relaxation, the aortic rings were first contracted using 10 À7 M phenylephrine (determined to elicit 80% maximal contraction), and the relaxation was recorded after increasing doses of acetylcholine (Ach, 10 À9 to 10 À4 M), for endothelium-dependent relaxation, or sodium nitroprusside (SNP, 10 À9 to 10 À6 M), for endothelium-independent relaxation. Vessel relaxation was expressed as a percentage of the contraction induced by phenylephrine.
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Determination of vascular aconitase activity. Using the method described by Gardner (2002) , aconitase activity was assessed in small sections of frozen aorta not utilized for the vessel reactivity measurements. The frozen tissues were homogenized in 50mM Tris-HCl, pH 7.4, containing 2mM sodium citrate and 0.6mM MnCl 2 , and were centrifuged. Aliquots of the supernatants (10 ll) were loaded into 96-well plates, and 190 ll of freshly prepared aconitase assay reaction mix, containing 0.2mM NADP þ , 5mM sodium citrate, and 1 unit/ml pig heart isocitrate dehydrogenase in homogenization buffer, was immediately added. Aconitase activity was assessed by monitoring the reduction of NADPþ to NADPH at 340 nm and at 25°C over 60 min in a microplate reader. Aconitase activity was calculated using the extinction coefficient for NADPH (6.22 3 10
Introduction of carotid artery injury. The procedure for the introduction of endothelial injury in the left carotid artery was performed in mice that had been administered antiretroviral treatment for 2 weeks and the Western diet for 1 week. As discussed above, the protocol for treatment of mice with the highfat diet for 1 week prior and 2 weeks after carotid artery injury was established by other laboratories as a means for maximizing neointimal hyperplasia (Shi et al., 2004; Zhu et al., 2000) . An epon-resin probe, made by forming an epon bead slightly larger than the diameter of the mouse carotid artery (0.45 mm) on a 3-0 nylon suture, was used in experiments to mechanically introduce uniform endothelial injury. The mice were anesthetized by i.p. injection of sodium pentobarbital (50 mg/kg) and were immobilized under a dissection microscope. The entire length of the left common carotid artery was exposed, and both the common and the internal carotid arteries were temporarily blocked by lifting a 3-0 nylon suture placed underneath the arteries. A 6-0 nylon suture was applied to the external carotid artery 1 cm above the bifurcation. A tranverse arteriotomy was made into the external carotid artery at the proximal side of the ligation. The epon-resin probe was inserted into the common carotid artery and was advanced toward the aortic arch and then withdrawn three times. The external carotid artery was then closed by ligation with the 6-0 suture, blood flow to the common carotid artery was reintroduced by removal of the remaining sutures, and the skin incision was closed with 5-0 sterile suture. The animals were allowed to recover in a 37°C-heated box after the surgery. An identical procedure was applied to each animal using the same experimental conditions to assure reproducible results. Studies have shown that the eponresin probe-induced carotid artery endothelial injury model is suitable for studying neointimal hyperplasia (Zhu et al., 2000) . This probe can induce consistent denudation of the endothelium, without damaging the underlying elastic laminae and with only minimal trauma to vascular smooth muscle (Zhu et al., 2000) .
Tissue preparation. To assess neointimal formation, 2 weeks after carotid artery injury, the mice were sacrificed and the chest cavity was opened. A 22-gauge butterfly angiocatheter was inserted into the left ventricle. The mice were perfused first with cold PBS under constant pressure for 20 min and then with 4% paraformaldehyde. The neck section was dissected and was fixed in 4% paraformaldehyde for >24 h. The tissues were then transferred to a formic acid EDTA buffer (Formical-2000; Decal Chemical Corp., Tallman, NY) for further decalcification. The soft tissue of the neck was dissected away, and the remaining decalcified neck tissue was embedded in paraffin using standard histological techniques. The tissues were cross-sectioned at 5 lm thickness, and for each animal, up to six parallel sections separated by~100lM were sampled across the lesioned area. Each were stained with Verhoeff's van Gieson staining of the elastic laminae to visualize neointimal areas.
Morphometry. Morphometric analysis of neointimal areas was performed on the Verhoeff's van Gieson-stained cross-sections, with up to six sections analyzed for each animal. Injured carotid arteries from both the antiretroviraltreated mice were compared with injured carotids of the controls. Digitalized images from parallel sections from each animal were captured using a Nikon Labophot microscope interfaced to a Canon high-resolution digital camera. The images were analyzed using morphometric analysis software (MetaMorph 6.3, Downingtown, PA). For each section, luminal area, the area between the internal elastic lamina (IEL) and the external elastic lamina (EEL), and the area inside the IEL were measured. Vascular medial areas were calculated by subtracting the areas inside the IEL from the areas inside the EEL, and the neointimal areas were calculated by subtracting the luminal areas from the areas inside the IEL.
Measurement of plasma total cholesterol and triglyceride levels. Plasma was collected at the termination of the experiment. Plasma total cholesterol and triglyceride levels were determined colorimetrically using total cholesterol and triglyceride reagent kits purchased from Eagle Diagnostics (De Soto, TX).
5-Bromo-2'-deoxyuridine fluorescence staining. Two hours before sacrifice, a single dose of 25 mg/kg 5-bromo-2'-deoxyuridine (BrdU) was injected i.p. A BrdU immunofluorescence labeling and detection kit purchased from Roche Applied Science (Penzburg, Germany) was utilized, and the tissue cross-sections were stained according to kit instructions. Specifically, paraffinembedded sections were thoroughly dewaxed and were rehydrated by the standard xylene, differential concentrations of ethanol, and water procedure. After washing three times with washing buffer, the sections were incubated with an anti-BrdU primary antibody (1:10) for 30 min at 37°C. The slides were again washed three times with washing buffer, and the sections were incubated with anti-mouse IgG-fluorescein working solution for another 30 min at 37°C. The slides were washed once more, and fluorescence mounting medium and cover slips were applied. The fluorescence was detected at a wavelength of 488 nm, and the images were acquired using a Zeiss LSM 510 confocal microscope at a magnification of 340.
Immunostaining for VCAM-1 and a-actin. Representative paraffinembedded cross sections were immunostained for vascular cell adhesion molecule-1 (VCAM-1) and a-actin using goat polyclonal antibody (1:200) obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and mouse monoclonal antibody (1:200) purchased from Sigma, respectively. This was followed by biotinylated horse anti-goat IgG-streptavidin-HRP (1:2000; Santa Cruz), for VCAM-1 staining, and horse anti-mouse IgG-streptavidin-HRP (1:2000; Santa Cruz), for a-actin. Bound antibodies were visualized by the chromogenic substrate 3,3-diaminobenzidine (DAB, Vector Laboratories, Burlingame, CA). Sections were counterstained with hematoxylin. Images were taken using a Motic B1 Series light microscope interfaced to a highresolution digital camera. Endothelial staining was analyzed by Image J software (National Institutes of Health) with the Landini color deconvolution plug-in for hemotoxylin and eosin-DAB described by Ruifrok and Johnston (2001) .
Measurement of plasma levels of asymmetric dimethylarginine. Plasma levels of asymmetric dimethylarginine (ADMA) were determined using a reversed phase liquid chromatography with AccQ-Fluor fluorescence detection, as described before (Heresztyn et al., 2004) . L-homoarginine was spiked with 20-ll mouse plasma samples as an internal standard. The samples were mixed with 25-ll ice-cold methanol, were precipitated in ice for 10 min, and were centrifuged at 10,000 rpm at 4°C for 5 min (Zhang and Kaye, 2004) . The extraction was repeated after the supernatant was collected, and two supernatants were pooled and dried under a stream of nitrogen. The samples were then reconstituted in 90-ll AccQ-Fluor reagent buffer and 10-ll fluorescent derivatizing reagent (AccQ-Fluor) before filtering through sterile 0.22lM microfiltration tubes (Ultrafree MC, Millipore). Separation was achieved using the mobile phases 100mM sodium acetate, pH'ed to 5 with citric acid, for an approximate concentration of 15mM (A) and acetonitrile: methanol:water at a ratio of 2:1:1 (B). An Agilent Zorbax C18-SB reversephase column (3 3 150 mm, 3.5 lm particle size) was maintained at 34°C with a flow rate of 0.5 ml/min. The gradient elution was as follows: 0-5 min isocratic at 10%B, 5-25 min to 20%B on a gradient curve of þ3, 25-35 min 526 JIANG ET AL. linear to 40%B, 35-49 min linear to 100%B, followed by a 7-min 100%B organic flush, and a 10-min 10%B column re-equilibration. Fluorescence was monitored at an excitation wavelength of 250 nm and an emission wavelength of 395 nm. Mixed standards containing arginine metabolites ADMA, symmetric dimethylarginine, and N G -monomethyl-L-arginine, along with internal standard L-homoarginine injected intermixed with the samples, were used for quantitation. The linear range studied was 0.05 to 20lM. Analyte peaks were identified by retention time and by coinjection with standards.
Statistical analysis. Data were expressed as mean ± SE. Statistical analysis was performed using one-way ANOVA with Tukey's or least significant difference Fisher's post hoc tests. Vascular reactivity data were analyzed using two-way ANOVA with repeated measures. For measurements of aconitase activities, stratified across both antiretroviral and antioxidant treatments, ANOVA was followed by Dunnett's multiple comparison test. A value of p < 0.05 was considered statistically significant.
RESULTS

MnTMPyP Attenuated AZT-Induced and AZT þ Indinavir-Induced Endothelial Dysfunction
Preliminary studies indicated that antiretroviral treatment did not alter phenylephrine-induced contraction (data not shown). However, treatment of C57BL/6 mice with AZT (100 mg/kg) or AZT þ indinavir (100 mg/kg) for 5 days significantly attenuated Ach-mediated vasorelaxation (Fig. 1) , without affecting that induced by the NO donor SNP (Fig. 2) . Two-way ANOVA with repeated measures applied to the resulting curves for Ach-induced relaxation revealed significant differences for these two treatment groups compared with controls. In addition, maximal relaxation was reduced from 85.0 ± 2.3% for controls to 65.5 ± 4.7% for AZT and 56.3 ± 6.1% for AZT þ indinavir. This indicates that treatment with AZT or AZT þ indinavir specifically impaired endotheliumdependent, but not endothelium-independent relaxation. Indinavir treatment (100 mg/kg) alone for 5 days did not alter endothelium-dependent vasorelaxation. However, coadministration with indinavir potentiated AZT-induced endothelial dysfunction compared with AZT treatment alone, as determined by two-way ANOVA with repeated measures. In this case, maximal relaxation was reduced from 65.5 ± 4.7% for AZT to 56.3 ± 6.1% for AZT þ indinavir. Treatment with MnTMPyP alone affected neither mouse aortic contraction in response to phenylephrine nor endothelium-dependent (Fig. 1) or endothelium-independent vasorelaxation (Fig. 2) . Most importantly, coadministration of MnTMPyP with AZT or AZT þ indinavir attenuated the observed antiretroviralinduced impairment in endothelium-dependent vasorelaxation (Figs. 1A and 1C ).
Antiretroviral Treatment Leads to an Inactivation of Aconitase
Aconitase is an enzyme known highly susceptible to inactivation by ROS and is thus commonly used as a marker for ROS production (Gardner, 2002) . Aconitase is localized both in the cytosol and in the mitochondrion. However, according to literature reports, mitochondrial aconitase represents 67-72% of total activity in endothelial cells (Kotamraju et al., 2003; Quijano et al., 2007) and 82% of total activity in the heart (Gottipolu et al., 2009) . To validate these literature reports, we first created a homogenate of a mouse aorta, separated cytosol ANTIRETROVIRALS EXACERBATE VASCULAR INJURY 527 from mitochondria using a cell fractionation kit from Mitosciences (Eugene, OR), and then measured aconitase activity. We found that the mitochondrial fraction represented 73% of total activity, with 23.6 U/mg detected in the cytosol and 67.3 U/mg in the mitochondrial fraction (data not shown). We then measured aconitase activity in segments of aorta from the animals treated for 5 days with antiretrovirals ± MnTMPyP. In animals treated with AZT, indinavir, or AZT þ indinavir, aortic aconitase activity was significantly reduced by 50-60% (Fig. 3) . MnTMPyP treatment alone did not alter aconitase activity, but it protected against antiretroviralmediated decreases in levels of aconitase activity. Specifically, in animals treated with MnTMPyP þ either AZT, indinavir, or AZT þ indinavir, aconitase activity levels were not significantly different from controls (Fig. 3) .
Antiretrovirals Exacerbate Neointimal Hyperplasia
Treatment with AZT, indinavir, or AZT þ indinavir for 4 weeks did not alter plasma levels of total cholesterol (~140 to 170 mg/dl) or triglycerides (50-100 mg/dl). Probe-induced carotid artery injury results in a prominent neointimal formation in the common carotid arteries after 14 days. By examining Verhoeff's van Gieson-stained cross-sections, neointimal areas were calculated by subtraction of lumen area from that encircled by the IEL. In the control mice, neointimal layers were barely detectable (4355 lm 2 ) (Figs. 4 and 5A). Antiretroviral treatment markedly increased neointimal areas compared with controls. Specifically, the average neointimal area in AZT-treated animals was 18,326 lm 2 and that of indinavir-treated and AZT þ indinavir-treated animals were 20,360 lm 2 and 26,839 lm 2 , respectively (Fig. 5A ). Examination of the contralateral uninjured carotid arteries in the same animals did not reveal any neointimal formation (data not shown).
In addition to neointimal hyperplasia, compared with the control mice, treatment with indinavir produced a 78% increase in vascular medial area in the injured carotid arteries (Fig. 5B) . However, treatment with AZT alone increased vascular medial area by~38%, though this increase did not achieve statistical significance. Interestingly, coadministration of AZT þ indinavir did not produce an increase in medial area compared with controls.
An index for luminal stenosis was calculated from the measured areas of the neointima and intima þ lumen area (intimal area/area inside the IEL 3 100). Compared with controls, treatment with AZT þ indinavir markedly increased luminal stenosis in the injured carotid arteries of the C57BL/6 mice ( Fig. 5C ). However, treatments with AZT or indinavir alone did not significantly increase luminal stenosis compared with the controls.
Antiretrovirals Increase Smooth Muscle Cells in the Neointima
To determine whether the observed neointimal hyperplasia was because of increased cell proliferation, the animals were administered 25 mg/kg BrdU, i.p., 2 h before sacrifice, and the tissue cross-sections were stained with anti-BrdU antibody. As shown in Figure 6A , BrdU fluorescence staining of the neointimal layer of the injured carotid arteries was more pronounced than other layers within the artery wall, indicating a massive cell proliferation. To determine whether this proliferating layer of cells was vascular smooth muscle, in a separate subset of animals, mice were treated with and without AZT þ indinavir, and the carotid arteries were stained for smooth muscle a-actin. In these sections, brown staining was evident across both the media and neointimal areas, confirming that the proliferated cells within these areas were mainly smooth muscle cells (Fig. 6B) .
Effects of Antiretrovirals on Plasma Lipids in C57BL/6 Mice Fed a Western Diet
In an experiment to determine antiretroviral-induced effects on neointimal hyperplasia, C57BL/6 mice were administered AZT, indinavir, or AZT þ indinavir in their drinking water for 28 days, along with a Western diet for the latter 3 weeks. Plasma levels of cholesterol and triglycerides were determined after tissue harvest. For these experiments, neither treatment with AZT or indinavir alone nor AZT þ indinavir in combination for 4 weeks significantly altered plasma levels of total cholesterol and triglycerides compared with controls (data not shown).
Effects of Antiretrovirals on Plasma ADMA Level
ADMA, the methyl derivate of the amino acid arginine, is an endogenous competitive inhibitor of nitric oxide synthase. Elevated plasma levels of ADMA have been shown correlated with endothelial dysfunction and major cardiovascular events (Boger, 2005) . Recent studies suggest that plasma ADMA levels predict the progression of vascular lesion formation (Wu et al., 2009) , and that its synthesis and release from endothelial cells are increased when the cells become dysfunctional (Boger et al., 2000) . We thus measured plasma levels of ADMA in the same mice that underwent the carotid artery injury procedure. As shown in Figure 7 , treatment with indinavir or AZT þ indinavir increased plasma levels of ADMA two-to threefold (p < 0.05). However, AZT treatment alone had no effect on plasma ADMA levels.
Antiretrovirals Increase VCAM-1 Expression
Prior reports have demonstrated that the expression of VCAM-1 staining is associated with endothelial dysfunction in the regenerated endothelium after balloon injury (Krejcy et al., 1996) . We thus assessed VCAM-1 expression in the carotid arteries of animals that underwent the injury procedure to further delineate whether the observed increase in proliferative response induced by the antiretroviral treatment was associated with a drug-induced endothelial dysfunction. To our surprise, significant VCAM-1 immunostaining was not apparent in the injured carotid arteries of control animals at 14 days after the procedure (Fig. 8A) . However, treatment with AZT alone increased VCAM-1 staining in the endothelium of the injured arteries (Figs. 8B and 8E), whereas treatment with indinavir alone did not (Figs. 8C and 8E) . The most pronounced staining was observed for the AZT þ indinavir-treated group (Figs. 8D and 8E ). In these tissues, VCAM-1 staining was apparent across the vessel, though staining was again most pronounced in the endothelial layer.
DISCUSSION
Antiretroviral-associated endothelial dysfunction has been widely described in both clinical observations and experimental studies (Dube et al., 2008; Shankar et al., 2005; Stein et al., 2001) and may be associated with the increased incidence of cardiovascular diseases in HIV-infected patients. Data presented here demonstrate that in mice, the NRTI AZT induces endothelial injury only after 5 days treatment. This finding supports our prior studies in rats (Jiang et al., 2006) and a recent retrospective/prospective observational study (Vaughn and Detels, 2007) . AZT was studied as a representative NRTI; however, it should be noted that an induction of endothelial injury may not be limited to AZT, as our recent unpublished studies suggest that other NRTI, including lamivudine, stavudine, and didanisone, may also have a deleterious effect on the endothelium.
In our prior studies in rats, we observed no effect of indinavir on endothelium-dependent vasorelaxation (Jiang et al., 2006) . However, in these experiments, we compared AZTinduced endothelial toxicity in mice side-by-side to that exhibited by the early generation PI indinavir and found that although indinavir treatment alone had no effect on vasomotor function, it exacerbated AZT-mediated reductions in endothelium-dependent vasorelaxation (p < 0.001). In addition, it increased plasma ADMA levels. Recent studies suggest that plasma ADMA levels predict the progression of vascular lesion formation (Wu et al., 2009) . ADMA is formed in endothelial cells first by methylation of arginine residues within proteins through the enzymatic action of S-adenosylmethionine-dependent type I protein arginine N-methyltransferases, then by release of the methylated residues through proteolysis (Surdacki, 2008 ). What's more, ADMA release from endothelial cells is increased when the cells become dysfunctional. In particular, exposure of endothelial cells to native or oxidized low-density lipoprotein cholesterol promotes PMRT expression, as well as ADMA synthesis and release (Boger et al., 2000) . Plasma ADMA levels have also been shown correlated with endothelial dysfunction and with major cardiovascular events (Boger, 2005; Cooke, 2000) . Thus, our observations of indinavir-induced increases in plasma ADMA levels, taken together with its potentiation of AZT-induced impairment in vasorelaxation, suggest that indinavir elicits an endothelial dysfunction not readily identified by only one index for endothelial injury. Furthermore, in association with these short-term effects of drug-induced endothelial dysfunction, treatments with either AZT, indinavir, or AZT þ indinavir exacerbated neointimal hyperplasia.
Because HIV treatment generally involves long-term administration of antiretrovirals, our data suggest that chronic endothelial injury from exposure to either AZT, indinavir, or AZT þ indinavir may place HIV-infected patients at a greater and earlier risk for developing advanced atherosclerotic lesions. In addition, because we observed an exacerbation of vascular lesion development in an injury model, this could imply that chronic exposure to antiretrovirals may exacerbate lesion progression in patients with preexisting vascular disease. Furthermore, because we observed no alterations in plasma cholesterol and triglyceride levels after antiretroviral treatment, it is thus impractical to ascribe the antiretroviral-mediated vasomotor functional impairment and endothelial dysfunction/ activation to PI-associated hyperlipidemia. Therefore, these data and our prior work support that antiretrovirals induce a direct endothelial injury (Jiang et al., 2006 (Jiang et al., , 2007 . As for the mechanisms of action of the two drugs tested here, although both antiretrovirals induce what we would describe as an endothelial dysfunction, given the observed differences in the presentation of endothelial injury, the mechanism of action and etiology of this dysfunction are likely different. Further support for this interpretation was that indinavir cotreatment potentiated AZT-induced effects on vasomotor function. From a toxicological point of view, this is further evidence of diverging mechanisms of action; otherwise, the cotreatment would have resulted in similar or additive responses.
It is interesting that both AZT and indinavir were shown to elicit cellular oxidant production and oxidative stress in cultured human endothelial cells (Jiang et al., 2007) , and in these studies, both antiretrovirals promoted vascular ROS production (Fig. 3) . However, AZT, but not indinavir, directly impaired endothelium-dependent vasorelaxation in rats (Jiang et al., 2006) and here, indinavir only exhibited effects on some of the indices of endothelial dysfunction we tested. This discrepancy could be because of (1) in vivo drug metabolism. Indinavir is rapidly absorbed and metabolized in vivo. Six oxidative metabolites and one glucuronide conjugate are formed and excreted in urine and feces (Lin et al., 1996) . Therefore, a lack of a pronounced in vivo effect could be because of hepatic detoxification of indinavir. (2) Species differences. Shankar et al. (2005) and Dube et al. (2008) described indinavir-mediated impairment in endothelium-dependent vasorelaxation in humans. However, the work of Chai et al. (2005a) suggested no endothelial vasomotor impairment in porcine coronary arteries. Therefore, humans may be more sensitive to the effects of indinavir. (3) Indinavir-associated endothelial injury may not directly interfere with Ach-mediated vasorelaxation.
Endothelial dysfunction is a broad term that includes several phenotypic changes that can result from injury or injurious stimuli. These changes can include enhanced permeability to plasma lipoproteins, increased secretion of adhesion molecules that are hyperadhesive for blood leukocytes, functional imbalances in local pro-and antithrombotic factors, and the release of growth stimulators, inhibitors, and vasoactive substances, i.e., those that induce relaxation or constriction. Together, all of these alterations in endothelial function can critically contribute to the pathogenesis of vascular diseases. We observed in our in vitro studies that both AZT and indinavir elicited oxidant production and oxidative stress at a cellular level; however, the localization of these oxidants may not be identical, such that divergent signal transduction pathways are promoted, ultimately manifesting as differing phenotypic changes. As is highlighted in this report, AZT-induced oxidants impaired endothelial relaxation (Fig. 1) , whereas indinavir-associated oxidants result in ADMA release (Fig. 7) and perhaps other endothelium-dependent events that we have yet not investigated. Although lacking of vasomotor impairment, these parameters certainly also indicate endothelial injury. The complexity of the results observed here perhaps begins to explain the conflicting reports of indinavir-induced effects on the vascular endothelium.
MnTMPyP is a stable manganese-porphyrin complex that has been shown to act as a superoxide dismutase mimic, converting superoxide radicals to hydrogen peroxide (H 2 O 2 ) (Faulkner et al., 1994) . Studies have also suggested that MnTMPyP possesses catalase activity, converting H 2 O 2 to H 2 O, and can protect endothelial cells against H 2 O 2 -mediated injury (Day et al., 1997) . Here we showed that administration of 1 mg/kg MnTMPyP, i.p., alone for 5 consecutive days did not affect vascular reactivity, including vessel contraction induced by phenylephrine or vasorelaxation in response to either Ach (Fig. 1) or SNP (Fig. 2) . It also did not alter basal levels of ROS production, as indirectly indicated by lack of change in levels of (Fig. 3) . However, coadministration of mice with MnTMPyP significantly attenuated the AZTmediated and AZT þ indinavir-mediated impairment in endothelium-dependent relaxation (Fig. 1) , and at the same time inhibited vascular ROS production (Fig. 3) . These animal studies thus provided direct evidence that oxidant injury may have a causal role in AZT-induced and AZT þ indinavir-induced endothelial dysfunction.
Our findings with respect to antiretroviral-mediated decreases in aconitase activity may furthemore provide clues as to the source of ROS production. Although aconitase is expressed both in the cytosol and in mitochondria, in these experiments, vascular aconitase activity was reduced by 53-66% across each of the antiretroviral treatment groups (Fig. 3) . Although mitochondrial aconitase reportedly represents 67-82% of total activity (Gottipolu et al., 2009; Kotamraju et al., 2003; Quijano et al., 2007) , in these studies, we found that the mitochondrial fraction represented 73% of total activity (not shown). Considering the profound decrease in aconitase activity, we measured after antiretroviral treatment (53-66%), and that the mitochondrial fraction represents the vast majority of the total activity, it seems logical to conclude that a significant portion of the mitochondrial activity is lost. This may suggest that the mitochondrion is at least one source of ROS production, in agreement with our prior in vitro findings (Jiang et al., 2007) . However, other sources of ROS production are also possible. For example, in prior reports, AZT was shown to activate cardiac NADPH oxidase in rats treated for 8 months (Papparella et al., 2007) , and the PIs ritonavir, indinavir, and atazanavir were shown to activate endoplasmic reticulum (ER) stress in macrophages (Zhou et al., 2005) . The latter is of particular interest, because ER stress is known highly correlated with an induction of ROS production, either upstream or downstream of the unfolded protein response, and at least one study suggests the ROS evolving from ER stress are derived from pertubations of mitochondrial function (Santos et al., 2009) . Thus, a number of cellular sources for antiretroviralmediated ROS production are possible.
Neointimal hyperplasia represents another important component of atherogenesis. The cellular basis of this pathological event is the migration and proliferation of smooth muscle cells. In a healthy vessel wall, VSMC exhibit a contractile, nonproliferative phenotype. The endothelium has an inhibitory effect on VSMC proliferation, maintaining vascular homeostasis. Upon endothelial disruption and injury to the smooth muscle layer, VSMC are exposed directly to the circulation. As a result, they begin to migrate across the IEL and proliferate, thus initiating neointimal hyperplasia. Regrowth of the endothelium over the area of injury, a process known as re-endothelialization, is important in limiting this VSMC migration and proliferation, and a functional endothelium is vital to successful endothelial re-growth.
The present studies demonstrated that both AZT and indinavir markedly promote neointima formation in C57BL/6 mice. Coadministration with AZT and indinavir additively increased neointimal hyperplasia. This is even more prominent for the luminal restenosis calculation, which showed a dramatic increase (almost~70% occlusion) in the combination treatment group. Luminal stenosis did not reach statistical significance after treatments with AZT or indinavir alone, but this may simply be because of a compensatory expansion of the injured arteries. In addition, BrdU-labeled and a-actin-stained cells in the intimal layer indicate a massive proliferation of smooth muscle cells following injury, but not deposition of lipids or fibrotic extracellular matrix. These proliferative effects were coupled to increases in plasma levels of ADMA and endothelial staining for VCAM-1, both markers for endothelial dysfunction, suggesting that endothelial dysfunction may be a mechanism involved in the observed drug-induced neointimal expansion.
Our observations of antiretroviral-mediated neointimal hyperplasia are consistent with our prior in vitro findings. In these earlier studies, although direct treatment of VSMC with antiretrovirals did not alter VSMC proliferation, both AZT and indinavir promoted VSMC proliferation when cocultured with endothelial cells (Hebert et al., 2004) . Mechanisms for AZT or indinavir-mediated neointimal hyperplasia may include an upregulation of mitogenic growth factors from injured endothelial cells after antiretroviral treatment. For example, in our in vitro studies, an endothelium-derived growth factor, endothelin-1, was shown released by drug-treated endothelial cells, so as to mediate antiretroviral-induced VSMC proliferation (Hebert et al., 2004) . Thus, taken together with the current findings, we propose that the initial insult to the vascular endothelium has a causative role in promoting VSMC proliferation that, in turn, leads to the development of neointimal hyperplasia. Another explanation for antiretroviral-induced neointimal hyperplasia may be that antiretrovirals promote platelet adhesion and degranulation after endothelial injury, thus resulting in the activation of platelets and release of PDGF that in turn promotes neointimal hyperplasia. In support of this hypothesis, one report demonstrated that indinavir enhances platelet activation (Holme et al., 1998) .
One limitation of this work is our inability to conclusively link antiretroviral-induced ROS production in endothelial cells with antiretroviral-mediated exacerbation of neointimal hyperplasia. To reiterate, our central hypothesis was that antiretroviral-mediated exacerbation of neointimal thickening is because of an antiretroviral-induced endothelial dysfunction and ROS production. In the absence of an endothelial-specific overexpression of an antioxidant enzyme, it would be difficult to design an experiment to conclusively test this hypothesis. FIG. 7 . Effects of antiretroviral treatment on plasma ADMA and orthinine/ arginine ratio. Plasma ADMA, orthinine, and argnine levels were determined 2 weeks after the endothelial injury. The data represent means ± SE. Asterisk indicates a significant difference compared with controls group, as revealed by ANOVA.
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This is because ROS production in VSMC themselves has a direct role in modulating their proliferation and thus, neointimal hyperplasia. For example, Szocs et al. (2002) showed that VSMC proliferation comprising the proliferative response involved in neointimal hyperplasia was associated with the activation of NADPH oxidase in both VSMC and in fibroblasts. Thus, cotreatment with antiretrovirals þ an antioxidant would likely produce a profound decrease in neointimal hyperplasia, as has been shown previously (Jagadeesha et al., 2009) , but it would be difficult to distinguish between direct effects of the antioxidant on the redox state of VSMC and the effects of the antioxidant on antiretroviralmediated ROS production in endothelial cells.
Another limitation of this study is that here we explored the role of only the antiretrovirals in initiating/exacerbating atherosclerosis. However, the HIV virus itself may also promote a chronic inflammatory condition, and chronic inflammation is certainly a recognized risk factor for atherosclerosis. In addition, it is possible that proteins released by the virus may promote endothelial dysfunction. For example, treatment of endothelial cells with HIV Tat protein induces the release of IL-1b, MCP-1, VCAM-1, and E-selectin. Tat thus increases leukocyte adhesion to endothelial cells (Matzen and Dirkx, 2004) . HIV itself can enter the endothelial cell either through CD4 or galactosyl-ceramide receptors (Chi et al., 2000) or through certain chemokine receptors (Berger et al., 1999) , and thus, it is entirely possible that infected endothelial cells may become activated. HIV-induced endothelial activation may also be the result of increased circulating cytokines because of the infection of monocytes-macrophages (Chi et al., 2000) . Thus, through many possible pathways, the vascular endothelium may become activated by HIV. If this is the case, then one would expect that the effect of the virus in initiating activation and the effects of antiretrovirals in promoting endothelial dysfunction would be additive, leading to a profoundly dysfunctional endothelium and a vastly accelerated rate of atherogenesis. Studies addressed here answer one controllable part of this complex problem-the drug therapy. Presumably, effective viral titer reduction through antiretroviral therapy should reduce the inflammatory component of HIV, but direct effects of the antiretrovirals on vascular endothelial dysfunction/activation would remain. Thus, there is a clinical need for therapies that both reduce viral titers and exhibit diminished toxicity to the vascular endothelium.
In conclusion, data generated from these studies demonstrated that the antiretroviral AZT induced an impairment of endothelial relaxation in mice, and an oxidant-mediated pathway may play a causal role in this injury. Indinavir treatment alone did not alter vasomotor function, but potentiated AZT-induced endothelial injury. In addition, indinavir increased plasma ADMA levels, further suggestive of endothelial dysfunction. Following this endothelial injury, AZT, indinavir, and AZT þ indinavir treatments stimulated smooth muscle cell migration and proliferation, accounting for the observed neointimal hyperplasia. Together, drug-induced effects on these two events may contribute to antiretroviral-associated atherosclerosis and perhaps other cardiovascular diseases in HIV-1-infected patients.
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